The in vitro and in vivo analysis of the ribonuclease E-deficient (rne-) and the altered mRNA stability protein-deficient (ams-) strains of Escherichia coli has demonstrated that they carry mutations in the same structural gene. Strains encoding either thermolabile RNase E (rne-3071) or Ams protein (ams-l) are defective in both rRNA processing and mRNA turnover. Immediately after a shift to the nonpermissive temperature, the chemical decay rate of bulk mRNA is slowed 2-to 3-fold, and within 70 min, precursors to 5S rRNA begin to accumulate. In addition, all of the phenotypes associated with either the rne-3071 or the ams-) alleles were complemented by a recombinant plasmid carrying ams+. When taken together with previous genetic studies, these results suggest that the role of ribonuclease E in mRNA turnover involves endonucleolytic cleavages at the proposed ACAG(A/U)AUUUG consensus sequence. mRNA decay in Escherichia coli is hypothesized to proceed through the action of both endonucleases and exonucleases (for review, see ref. 1). The involvement of two exonucleases, polynucleotide phosphorylase (2) and ribonuclease 11 (3), in mRNA decay has clearly been demonstrated (4). In contrast, little is currently known about the endonucleases involved in general mRNA turnover (1). Two possible candidates are the products of the ams and rne genes.
mRNA decay in Escherichia coli is hypothesized to proceed through the action of both endonucleases and exonucleases (for review, see ref. 1) . The involvement of two exonucleases, polynucleotide phosphorylase (2) and ribonuclease 11 (3) , in mRNA decay has clearly been demonstrated (4) . In contrast, little is currently known about the endonucleases involved in general mRNA turnover (1) . Two possible candidates are the products of the ams and rne genes.
The ams locus was identified by a temperature-sensitive mutation (ams-1) that mapped at 24 min on the E. coli linkage map (5, 6) and increased the chemical half-life of total pulse-labeled RNA (7) . It has recently been shown in this laboratory that the absence of the altered mRNA stability (Ams) protein increases the chemical half-lives of specific mRNAs and stabilizes discrete mRNA decay intermediates in ams-1 pnp-7 rnb-500 triple mutants (8) . In addition, the endonucleolytic cleavage sites involved in the decay of the trxA message, which encodes thioredoxin, have been identified in the same triple mutant (9) . The Ams protein has been proposed to be either an RNase or a positive regulator of other RNases (8) . The ams gene has been cloned (10) , sequenced, and shown to encode a 91-kDa polypeptide (30) .
RNase E is the enzyme responsible for processing ofthe 5S rRNA from the primary rRNA transcript and was first identified by a temperature-sensitive mutation (rne-3071) (11) that resulted in the accumulation of a 9S RNA species containing 5S rRNA as well as additional upstream and downstream sequences (12) . The processing of 9S RNA to the precursor of 5S rRNA (p5S rRNA), consisting of 3 additional nucleotides on both sides of the mature 5S rRNA (13) , is believed to occur through two sequential endonucleolytic cleavages. First 9S RNA is processed to 7S RNA and 4S RNA, followed by the conversion of7S RNA to p5S rRNA (14) . Genetic mapping studies have localized this gene at -24 min on the E. coli linkage map (5, 15) . In addition to rRNA processing, there is now evidence that suggests RNase E is involved in mRNA metabolism as well. Recently it was shown that there was a 4-fold increase in the chemical half-life of total T4 RNA and a 6-fold increase in the functional stability of total T4 messages in RNase E-deficient T4-infected cells (16) . RNase E is also involved in the endonucleolytic processing of T4 gene 32 mRNA to a more stable form (17) . One other known substrate of RNase E is RNA 1, an inhibitor of ColEl plasmid DNA synthesis (18) .
In this communication we show that both ams-1 and rne-3071 mutant strains exhibit increases in the chemical half-life of pulse-labeled mRNA, as well as an accumulation of apparently identical unprocessed 5S rRNA precursors. In addition, we demonstrate that in vitro a natural RNase E substrate is processed when incubated with wild-type but not rne-3071 or ams-1 cell extracts, and that when the Ams protein is overproduced, there is an increase in processing. We have found that the cloned ams gene complements all the mutant phenotypes associated with both the ams-! and rne-3071 strains and that both mutations map to the 5' end of the same structural gene. These results demonstrate that the rne-3071 and the ams-! (now referred to as rne-I) mutations are allelic in nature and that RNase E is essential for both processing of 5S rRNA and general mRNA decay.
MATERIALS AND METHODS
Bacterial Strains and Plasmids. All strains used are described in Table 1 . E. coli strains encoding thermolabile RNase E (rne-3071) (11), RNase II (rnb-500) (4), or Ams (ams-1) (7, 8) [rne-3071] as the recipient strain. Transductants were selected by their ability to grow in the presence of tetracycline. The presence of the recA56 allele, which is linked to srlA, was determined by its characteristic UV-sensitive phenotype. The presence of the rne-3071 allele was confirmed by its temperature-sensitive phenotype. The plasmid pFMK33 (Kmrams+) and its derivatives with 5' deletions, 3' deletions, or Tnl000 insertions in ams have been described (10) . Plasmid pBK22 was constructed by subcloning the 445-base-pair (bp) Hae II fragment containing the lac cassette from pUC19 into the Sal I site of the single-copy vector pDP4 that is identical to pDP3 (20) , except that the Kpn I fragment containing the origin of replication is in reverse orientation. S1 nuclease treatment to remove the sticky ends was folAbbreviation: Ams, altered mRNA stability (protein). *To whom reprint requests should be addressed.
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lowed by blunt-end ligation. Plasmid pBK43 was constructed by subcloning the 4.0-kilobase-pair (kbp) BamHI fragment from pFMK35 (10) into the BamHI site of pBK22. Plasmid pWSK29 was constructed by replacing the ColEl origin of replication in pBluescript II SK+ (Stratagene) with that from pLG339 (R. F. Wang and S.R.K., unpublished results). Plasmid pBK61 was constructed by subcloning the 422-bp Ava I fragment from pJR3A (21) containing the 3' portion ofthe 23S rRNA gene, the 23S-5S spacer region, one of the 5S rRNA genes and terminator t1 all from rrnD, into the HincII site of pWSK29, such that expression of the insert was under T7 control. Klenow treatment of the Ava I fragment to fill in the ends was followed by blunt-end ligation.
Genetic Procedures. E. coli cells were transformed according to the method of Kushner (22) . P1 transductions were performed as described by Willetts and Mount (23) . Luria broth (L broth) and K medium have already been described (4). Dilysogen strains containing wild-type A and a particular A from the Kohara clone bank (24) were constructed as described (25) . Growth medium for strains containing the thyA715 allele was supplemented by the addition of thymine (50 ,ug/ml). Appropriate antibiotics were added as needed.
Assay for mRNA Degradation. The chemical decay of pulse-labeled RNA was assayed as described by Donovan and Kushner (4) , except that labeling was stopped by the addition of 500 pg of rifampicin, 20 ,g of naladixic acid, and 200 gg of uridine per ml. The half-lives were determined by linear regression analysis. Only curves having least-squares fit .0.95 were used.
Northern (RNA) Analysis. Cell cultures grown at 30'C in L broth to 1 x 108 cells per ml were shifted to 440C. Seventy minutes after the shift to nonpermissive temperature, 7-ml aliquots were removed as described by Krzyzek and Rogers (26) . RNA was extracted by the method of Williams and Rogers (27) and subsequently treated with RNase-free DNase I. Northern blot analysis was performed by the fractionation of RNA samples in a 6% polyacrylamide gel containing 7 M urea, which were then electroblotted to a nylon membrane (ICN) as described (8) . RNase E Assay. RNase E assays were performed at 44°C, essentially as described (14) , except that yeast tRNA was omitted. Sixty-microliter reaction mixtures containing 20 Rg of protein were preincubated for 10 min at 44°C before substrate addition. Aliquots were removed at various times, and the reaction was terminated by adding 2 x loading buffer (1 x loading buffer is 0.15% xylene cyanol/0.15% bromophenol blue/5 mM EDTA/formamide, brought to pH 7 with Amberlite MB-1) at 0°C (8) . The RNA was denatured at 90°C for 5 min before loading onto a 5% polyacrylamide gel containing 7 M urea (8) . The gel was dried before autoradiography. RESULTS P1 Mapping of ams-l and rne-3071. P1 mapping of rne and ams was undertaken to define their chromosomal location with respect to one another. When AB1325 (purBIS) was used as the recipient and SK5665 (ams-i) as the donor, 13 To determine whether rne and ams were the same gene, the low-copy plasmid pFMK33 (Kmr ams+) and the single-copy plasmid pBK43 (Kmr ams') were used to transform N3431 (rne-3071) (Figure 1 ). Both plasmids, but not vector alone, complemented the RNase E deficiency ( Table 2 ), suggesting that rne and ams were identical.
Recombination Between the rne-3071 Aflele and Truncated Plasmid-Borne ams Genes. Strains N3431 (rne-3071) and SK7668 (rne-3071 recA56) were transformed with a series of plasmids derived from pFMK33 carrying 5' deletions (pFMK50, pFMK52, pFMK53), 3' deletions (pSYK3, pSYK4), or TnIOOO insertions in ams (Fig. 1) . Plasmids that contained nucleotide sequences that spanned the mutation recombined with the chromosome to generate temperatureresistant colonies in a recA' but not in a recA-background (Table 2 ). This same phenomenon was observed when the ams-1 allele was present in the chromosome (10) . Identical plasmids generated temperature-resistant revertants in both ams-1 and rne-3071 strains, suggesting that both mutations map in the 5' end of the same gene (Fig. 1) . Chemical Half-Life of Pulse-Labeled RNA. The chemical half-life of pulse-labeled RNA was measured at 44°C in strains containing either the ams-1 or the rne-3071 alleles. These experiments were performed in the presence or absence of pFMK33 (Kmr ams+). Figure 2 shows the decay of pulse-labeled RNA in MG1693 (wild type), SK5665 (ams-1), SK6451 (ams-1/pFMK33), SK7669 (rne-3071), and SK7678 (rne-3071/pFMK33). The half-life of SK7669 was 7.5 min compared with 4.7 min in SK7678. These values were close to those determined for SK5665 (7.4 min) and SK6451 (3.6 min), respectively. The mRNA half-life values for SK7678 and SK6451 were similar to the 4.2 min observed for the wild-type control MG1693.
In Vivo Accumulation of 5S rRNA Precursors in the Absence of Either RNase E or the Ams Protein. Strains deficient in either RNase E (SK7669) or the Ams protein (SK5665) and a wild-type control (MG1693) were grown, and RNA was extracted as described. The RNA was electrophoresed through a 6% polyacrylamide gel under denaturing conditions and subsequently electroblotted to a nylon membrane. A synthetic oligonucleotide, homologous to nucleotides 60-79 (29) of mature 5S rRNA, was used as a probe (5S probe) ( Figure 3) . In all lanes, two bands corresponding to mature 5S rRNA (15) were seen ( Figure 4A ). In addition, a series of identical bands in the upper region of the gel were present in lanes corresponding to strains containing either rne-3071 or ams-1 but not when these deficiencies were complemented by pFMK33 (Kmrams+) (Fig. 4A, lanes 2, 3, and 7) .
After the 5S probe was stripped, the membrane was probed with a second synthetic oligonucleotide homologous to part of the 23S-5S spacer region spanning nucleotides 47-66 (29) upstream of mature 5S rRNA (spacer probe) (Fig. 3) . When this probe was hybridized to the membrane, the same banding patterns visible with the 5S probe were seen in the upper region of the gel in lanes corresponding to RNase E or Ams-deficient strains (Fig. 4B, lanes 2, 3, and 7) . The mature 5S rRNA species visible with the 5S probe were not present. Taken together, these results indicate that the bands in the upper portion of the gel (Fig. 4 A and B) consist of unprocessed 5S rRNA precursors and precursors processed only at the 3' cleavage site (Fig. 3) . One additional band that hybridized to the 5S probe but not the spacer probe (Fig. 4A , single arrow) most likely represents a 5S rRNA precursor processed only at the 5' cleavage site (Fig. 3) . In Vitro RNA Processing by RNase E. Run-off transcripts containing both cleavage sites found in 9S RNA (14) were converted in vitro to 5S rRNA by cell extracts containing wild-type RNase E. Three closely related transcripts were produced from pBK61 differing only in the point at which they terminated (Fig. 3) . The longest species (463 nucleotides) is a complete run-off transcript ending at the Cla I site used to linearize the plasmid (Fig. 3) . The shortest transcript (422 nucleotides) terminates at terminator t1 (Fig. 3) . The middle-length transcript was not expected, and its precise point of termination is unknown. Cell extracts prepared from SK6632 (Table 1) processed the transcripts into 5S rRNA (Figure 5 arrow, lanes 1-3) . No processing to SS rRNA was observed when the transcripts were incubated with cell extracts prepared from SK6640 (ams-1) or from SK7677 (rne-3071) (Fig. 5, lanes 4-6 and 7-9, respectively) . When the RNase E and Ams deficiencies were complemented by pFMK33 (ams'), processing to 5S rRNA was restored (Fig.   5, lanes 10-12 and 13-15, respectively) . Densitometric analysis of the 5S rRNA bands indicated that the cell extracts from strains containing pFMK33 (ams') exhibited approximately a 2-fold increase in processing activity (Fig. 5) . Although there were other nuclease activities acting on these transcripts, only cell extracts prepared from ams+ or rne+ strains processed the transcripts to produce 5S rRNA. Extracts obtained from an induced strain carrying the ams gene under T7 control (10) showed at least a 20-fold increase in processing activity (data not shown).
DISCUSSION
The results described above demonstrate that RNase E and Ams are, in fact, the same protein encoded by the rne gene ofE. coli and that this enzyme plays an important role in both rRNA processing and mRNA degradation. In the absence of RNase E (ams-1/rne-1 or rne-3071) the processing of rRNA is altered; 70 min after a shift to the nonpermissive temperature (44°C), unprocessed and partially processed 5S rRNA precursors accumulated (Fig. 4 A and B, lanes 2, 3, and 7) . These results agree with the finding that a 9S RNA species containing the 5S rRNA sequence accumulated in the absence of . We have also shown in vitro that RNase E can process a natural substrate to 5S rRNA. (Fig. 3) (A) or specific for the 23S-5S spacer region (spacer probe) (Fig. 3) Processing was not observed in extracts of either the ams-J or the rne-3071 strains (Fig. 5, lanes 4-6 and 7-9 ). In addition, we have been able to demonstrate the complete complementation of all rRNA processing defects associated with rne mutations with the recombinant plasmid pFMK33 (Kmr ams+) (Figs. 4 and 5) .
The high recombination frequency observed between truncated plasmid-borne ams genes and chromosomally located ams-J (10) or rne-3071 (Table 2 and Fig. 1) alleles is of interest. The generation of temperature-resistant colonies in a recA+ but not in a recA-background suggests a strong selective pressure to maintain functional RNase E activity. By using a variety of deletions it was possible to localize the ams-J (10) and rne-3071 mutations to the amino-terminal region of the protein.
It should be noted that the published restriction map of a proposed rne clone (19) is similar to the 5' region of the ams clone (10, 30) . The fact that the rne cloning experiments were done in a recA+ background (19) , combined with the observation that both the ams-J (10) and the rne-3071 (Table 2) alleles recombine at a high frequency with truncated plasmidborne ams genes in recA+ but not in recA-backgrounds, suggests that only the 5' portion of rne spanning the rne-3071 mutation was cloned. The complementing phenotype reported for this clone probably arose by a recombination event between the truncated rne allele on the plasmid and the rne-3071 allele on the chromosome generating a wild-type copy of rne. We do not know whether these recombination events are a general phenomenon or specific to RNase E.
In addition to defective rRNA processing, there is compelling evidence that indicates RNase E is involved in mRNA decay as well. In the absence of RNase E, the bulk mRNA half-life increases 2-to 3-fold ( Fig. 2) (8, 10) . This defect was complemented by pFMK33 (ams') ( Fig. 2) . Recently it was reported that when the ams-1 allele was introduced into a strain already deficient in polynucleotide phosphorylase and RNase II, a dramatic stabilization of discrete trxA and cat mRNA decay intermediates were observed (8) . It has also been shown that RNase E is involved in general T4 mRNA decay (16) as well as the specific endonucleolytic cleavage of the T4 gene 32 message (17) .
The results presented here demonstrate the interrelationship between mRNA turnover and rRNA processing. However, it is not clear whether loss ofcell viability in the absence of RNase E results from the failure to generate 5S rRNA or the inability to degrade mRNA or a combination of both. It is also not obvious that RNase E cleavage at the site identified by Mudd et al. (17) [ACAG(A/U)AUUUG] represents its entire role in general mRNA turnover. The observations of
